monitor changes in density and check the absence of physical aging and the structural 1 integrity of the membrane. 2 3
Membrane characterization 4
The pure gas permeability was measured using the experimental set up in Fig. 2 . 5 It consists of a membrane module, connected, by means of a series of pneumatic 6 controlled valves, to the feed and permeate sides. The membrane module is placed in a 7 convection oven (Memmert, Germany). The permeation cell is composed by two parts 8 pneumatically pressed each other on a Viton ring that seals the membrane. Basically, the 9 membrane was placed in a stainless steel permeation cell leading to an effective area 10 about 14.05 cm 2 . Two transducers (Omega, UK) measured the pressure in the feed side 11 and across the membrane during the whole experiment, in order to monitor the gas volume 12 which goes through it. 13 Gas permeation tests were carried out in a temperature range of 298 -363K, 14 feeding the single gases at 2 -3 bar and evacuating the permeate to generate the pressure 15 difference across the membrane. Gas permeation was tested in the following order: N2 16 and CO2, evacuating both the feed and the permeate side before each measurement, and 17 checking the air tightness of the system. The same protocol has been followed for pure 18 polymer and mixed matrix membranes. 19
The gas permeation through dense polymeric membranes is described by the 20 solution-diffusion model in three major steps: (i) adsorption of the gas onto the membrane 21 surface, diffusion across the membrane thickness and desorption from the permeate side, 22
The permeability represents the amount of molecules that cross the membrane and 23 is described by Eq. (1), where D is de diffusion coefficient and S the solubility coefficient.Diffusivity (D) is the measure of the amount of mobility of the molecules passing through 1 the voids of the polymer. The solubility (S) is related to the number of dissolved 2 molecules in the polymer. Thus the permeability is given by the product of the diffusion 3 coefficient, a kinetic factor, and the solubility coefficient, a thermodynamic factor, both 4 being influenced by temperature. 5
Applying a mass balance to the membrane material, the following equation is 6 achieved, where Pi is the permeability constant, δ is the membrane thickness, pi,f is the 7 partial pressure of the gas i in the feed side and pi,p is the partial pressure of the gas i in 8 the permeate side. The pure gas permeability was calculated from the feed and permeate 9 pressures by Eq. (2) [26] . 10
Where βm is a geometric factor depending from the feed and permeate volume 11 compartments and the effective membrane area, with a value of 81.04 m -1 for the 12 experimental system used in this work. Thus, the permeability can be calculated from the 13 slope of the linear representation of Eq. (2) once steady state is reached. 14 The ideal selectivity is the ability to separate two molecules of a mixture (e.g., 15
CO2 and N2, in this work) thus it is an intrinsic property of the membrane material, which 16 can be calculated from the ratio of the pure gas permeabilities, defined by Eq. (3). 17
Therefore, the difference between permeabilities of different gases through the 18 membrane is not only due to the diffusivity, but also influenced by the physicochemical 19 interactions of these gases with the membrane material, which determines the amount of 20 gas flowing per unit volume (S). Membranes should present both high permeability andselectivity, because a high permeability will make necessary a smaller membrane area, 1 while a high selectivity provides a greater purity of gas at the exit. 2 Thermal resistance of the samples was studied by thermo gravimetric analyses 3 (DTA-TGA). These analyses were performed using a thermo balance (DTG-60H, 4
Shimadzu, Japan) in air at heating rate of 283K/min up to 973K Samples of approximately 5 2 -5 mg were loaded into an alumina crucible and a reference pan was left empty during 6 the experiment. 7
The crystalline structure of the samples was investigated by means of room 8 temperature X-ray powder diffraction (XRD). The patterns were collected on a Philips 9 X'Pert PRO MPD diffractometer operating at 45 kV and 40 mA, equipped with a 10 germanium Johansson monochromator that provides Cu Kα1 radiation (λ = 1.5406 Å), 11 and a PIXcel solid angle detector, at a step of 0.05º. 12
The morphology and cross-sectional areas of selected membranes were observed 13 by scanning electron microscopy, using a JEOL JSM 5410 equipment, at the Universidad 14 Politécnica de Valencia. Membrane samples were immersed in liquid nitrogen prior to 15 being fractured and sputtered with gold before observation. 16 17
Results and discussion 18
Thermogravimetric analyses (TGA) of the membranes are presented in Fig. 3 . In 19 the case of the membranes, thermal degradation starts at 573K and kept small up to 623K. 20
The shape of the curves is very similar to that of the pure polymer because of the low 21 zeolite/polymer concentration ratio. In general, the real zeolite loading of the membranes 22 agrees with nominal value and the thermal stability of the membranes is similar to the 23 glassy polymer PTMSP. The real loading of the zeolite has been calculated from the TGA 24 analyses as 7.06 ± 2.07 and 20.04 ± 1.36 wt. % for 5 and 20 wt. % Zeolite A-PTMSP1 is 11.8 ± 6.86 wt. % and 28.6 ± 8.84 wt. % for 5 and 20 wt. % ITQ-29 MMMs, 2 respectively. This shows a greater dispersion of the pure silica ITQ-29 particles in the 3 PTMSP matrix, than zeolite A. This also indicates that the MMMs are thermally stable 4 up to 573K, which accounts for the potential of these membrane materials in high 5 temperature separation processes. 6
The X-ray diffraction (XRD) patterns of the membranes are presented in Fig. 4 . 7
The characteristic reflections of zeolite A and ITQ-29 become stronger with increasing 8 loading, thus revealing their presence into the polymer matrix. In general, the narrowness 9 of a XRD peak with strong intensity indicates a crystalline nature and if the diffraction 10 peak is broader than the polymer is amorphous in nature. The main peaks of high 11 intensities in zeolite A are at around 7º, 10º, 24º, 27º of diffraction angle. PTMSP is an 12 amorphous polymer but with increasing zeolite A loading, a slight shift of the broad band 13 to higher angles is observed, derived from the interaction between zeolite and polymer 14 occurring in the case of zeolite A, which does not occur in the case of ITQ-29, where 15 there might be some changes in orientation because of the appearance of voids by the 16 poor contact between the pure silica zeolite particles and the PTMSP polymer. 17
The interaction between the PTMSP and the zeolite particles depend on Si/Al 18 ratio. The smaller ITQ-29-PTMSP than zeolite A-PTMSP interaction is further observed 19 by SEM in Fig. 5d and 5e, where the good adhesion and dispersion at 5 wt. % ITQ-29 20 loading disappears when the zeolite loading is increased, leading to voids and defects. The selectivity of the MMMs is higher than that of pure PTMSP membranes, especially 16 for zeolite A loadings, in the range of temperature under study. However, the selectivity 17 of ITQ-29-PTMSP MMMs decreases from 5 to 20 wt. % zeolite loadings, because of the 18 appearance of voids caused by lower interaction polymer-pure silica zeolite. For this 19 reason, we believe that the zeolite particles introduce a molecular sieving effect leading 20 to an increased selectivity at an optimal zeolite loading, which is also dependent on the 21 interaction between the zeolite filler and the PTMSP matrix, and this on the Si/Al 22 composition of the zeolite, and independent of temperature in the range studied in this 23 work. 24
In the MMMs prepared in this work, the influence of temperature on permeability 1 changes from 5 to 20 wt. % zeolite loading, as compared to the pure polymer membrane 2 (Fig. 7) . The activation energies for permeation are -7.1 ± 1.4 and -12.6 ± 4.1 kJ/mole, 3 for CO2 and N2 through pure PTMSP membranes, respectively, in agreement with 4 literature [31] . The activation energies for permeation through the MMMs are presented 5
in Table 1 . These values increase with zeolite A loading content, revealing there is a 6 crosslinking interaction phenomenon occurring between the fillers and the PTMSP [13] . 7
The activation energies for the permeation through ITQ-29-PTMSP MMMs increase 8 largely in the case of 5 wt. % and decrease again at higher loadings. The ITQ-29 particles 9
can indeed produce tortuosity and enhance selectivity only when the interaction and 10 dispersion in the polymer matrix is good; for pure silica ITQ-29 this only occurs at low 11 loadings [25] . 12
In this work, it is the permselectivity that increases with temperature and zeolite 13 loading. Fig. 8 
The maximum value of the effective permeability is taken when both phases are 10 assumed to work in parallel to the flow direction, as in Eq. (5) 11
Maxwell equation, is still the most widely accepted to interpret the transport 12 properties of MMMs [20] . The theoretical calculation of the overall steady-state 13 composite permeability is given by Eq. (6). 14
These theoretical permeabilities are plotted against experimental permeabilities in 15 between the polymer and the particle as those discerned by SEM. When the zeolite was 6 well dispersed in the matrix, at 5 wt. % loading, the Maxwell model overestimates gas 7 permeability and this can be attributed to discrepancies between literature diffusion and 8 solubility values used in model predictions [20] . 9
In order to account for interfacial defects affecting membrane performance, the 10 two-phase modified Maxwell model was applied to adjust the permeability of a pseudo Tables 2 and 3 for Zeolite A and ITQ-29-PTMSP MMMs. The parameter 22 lI (µm) is influenced by the Si/Al ratio of the zeolite fillers, [27] which we attribute to the 23 different interaction with the polymer matrix and membrane performance varying with 24 temperature. The interphase thickness in low Si/Al zeolite MMMs was independent ofthe type of gas and temperature, while for the pure silica ITQ-29 MMMs, parameter lI 1 was also independent of zeolite loading, because of the poor adhesion leading to voids 2 that decrease selectivity for the 20 wt. % ITQ-29-PTMSP membrane. 3
The modelling results shown in Fig. 10 
